Sister-chromatid cohesion is mediated by cohesin, a ring-shape complex made of four core subunits called Scc1, Scc3, Smc1, and Smc3 in Saccharomyces cerevisiae (Rad21, Psc3, Psm1, and Psm3 in Schizosaccharomyces pombe). How cohesin ensures cohesion is unknown, although its ring shape suggests that it may tether sister DNA strands by encircling them [1] . Cohesion establishment is a two-step process. Cohesin is loaded on chromosomes before replication and cohesion is subsequently established during S phase. In S. cerevisiae, cohesin loading requires a separate complex containing the Scc2 and Scc4 proteins. Cohesin rings fail to associate with chromatin and cohesion can not establish when Scc2 is impaired [2] . The mechanism of loading is unknown, although some data suggest that hydrolysis of ATP bound to Smc1/3 is required [3, 4] . Scc2 homologs exist in fission yeast (Mis4), Drosophila, Xenopus, and human [5] [6] [7] [8] [9] [10] . By contrast, no homolog of Scc4 has been identified so far. We report here on the identification of fission yeast Ssl3 as a Scc4-like factor. Ssl3 is in complex with Mis4 and, as a bona fide loading factor, Ssl3 is required in G1 for cohesin binding to chromosomes but dispensable in G2 when cohesion is established. The discovery of a functional homolog of Scc4 indicates that the machinery of cohesin loading is conserved among eukaryotes.
Summary
Sister-chromatid cohesion is mediated by cohesin, a ring-shape complex made of four core subunits called Scc1, Scc3, Smc1, and Smc3 in Saccharomyces cerevisiae (Rad21, Psc3, Psm1, and Psm3 in Schizosaccharomyces pombe). How cohesin ensures cohesion is unknown, although its ring shape suggests that it may tether sister DNA strands by encircling them [1] . Cohesion establishment is a two-step process. Cohesin is loaded on chromosomes before replication and cohesion is subsequently established during S phase. In S. cerevisiae, cohesin loading requires a separate complex containing the Scc2 and Scc4 proteins. Cohesin rings fail to associate with chromatin and cohesion can not establish when Scc2 is impaired [2] . The mechanism of loading is unknown, although some data suggest that hydrolysis of ATP bound to Smc1/3 is required [3, 4] . Scc2 homologs exist in fission yeast (Mis4), Drosophila, Xenopus, and human [5] [6] [7] [8] [9] [10] . By contrast, no homolog of Scc4 has been identified so far. We report here on the identification of fission yeast Ssl3 as a Scc4-like factor. Ssl3 is in complex with Mis4 and, as a bona fide loading factor, Ssl3 is required in G1 for cohesin binding to chromosomes but dispensable in G2 when cohesion is established. The discovery of a functional homolog of Scc4 indicates that the machinery of cohesin loading is conserved among eukaryotes.
Results and Discussion
The ssl3 gene was identified from a genetic screen for mutants synthetically lethal with swi6. Swi6, the fission yeast homolog of Heterochromatin Protein 1, is required for cohesin binding at centromeres but not along chromosomes arms [11, 12] . Cells devoid of Swi6 are viable thanks to the confined nature of the cohesion defect. However, swi6D cells become lethal when combined with thermosensitive mutations in cohesin subunits (rad21-K1 and psc3-2T) at the permissive temperature [11, 12] , suggesting that a lack of cohesin at centromeres exacerbates otherwise modest cohesion defects. Thus, to uncover new genes required for sister-chromatid cohesion, we isolated mutants that are viable when cells express Swi6 but die upon its withdrawal (see Supplemental Data available with this article online for the full description and outcome of the screen). Among these ssl mutants (swi6 synthetically lethal), hypomorphic alleles of the psc3, psm1, eso1, and mis4 genes were recovered ( Figure 1A and data not shown). Another mutation, ssl3-103, corresponded to a hitherto uncharacterized gene. To determine whether ssl3 might be required for cohesion, cells were arrested at metaphase by the thermosensitive cut9-665 mutation (defective Anaphase Promoting Complex [13] ) and processed for fluorescent in situ hybridization (FISH) with cosmids as probes. At 36ºC, cut9-665 cells arrested at metaphase with short spindles and cohesed sister chromatids, as revealed by the single FISH signals produced by the centromere-proximal and arm probes ( Figure 1B) . By contrast, cut9-665 ssl3-103 cells frequently displayed two separated FISH signals with both probes ( Figures 1B and 1C) , implying a complete premature separation of sister chromatids and hence a role for ssl3 in cohesion.
The ssl3 gene was cloned by complementation of the synthetic lethal phenotype. Ssl3 (NP_593137) is a 559 amino acid protein annotated as potentially harboring a tetratricopeptide repeat (TPR)-like helical domain (residues 85-407; score 0.023) in the InterPro database [14] . TPR domains are known for their arrangements into helical structures and their role in protein interactions [15] .
The ssl3 coding region was deleted in a diploid strain, and tetrad analysis indicated that ssl3 is essential for proliferation (not shown), suggesting an essential role in cohesion and implying that ssl3-103 is a hypomorphic allele. Interestingly, the mis4 gene was isolated as a multicopy suppressor during the cloning procedure, suggesting a functional interaction between Ssl3 and Mis4. To further investigate the relationship between Ssl3 and Mis4, we created a thermosensitive allele, ssl3-29. In budding yeast, the association of Scc2 with chromosomes requires Scc4 [2] . Reminiscent to this, we found that the localization of Mis4 was disrupted in ssl3-29 cells at the restrictive temperature and that Mis4 overexpression suppressed the thermosensitive growth defect of ssl3-29 cells (Figure 2) . Furthermore, coimmunoprecipitation experiments demonstrated that Ssl3 and Mis4 belong to the same complex (Figures 3A and 3B) and the Ssl3/Mis4 complex was highly salt resistant ( Figure 3C ). Similar to Scc2/Scc4 [3] , a small amount of the cohesin subunit Rad21 was found to coimmunoprecipitate with Ssl3/Mis4 ( Figure 3B ). The amount of coimmunoprecipitated Rad21 did not increase during G1 or S phase, suggesting that only a fraction of Ssl3/ Mis4 is in contact with cohesin.
The physical and functional interaction between Ssl3 and Mis4 suggested that Ssl3 could be involved in cohesin loading to chromatin. If that were the case, ssl3-29 *Correspondence: jpaul.javerzat@ibgc.u-bordeaux2.frcells should lose their viability during S phase as cohesin must be present on chromosomes during DNA replication for cohesion to be established [16] . Thus, we asked in which phase of the cell cycle Ssl3 is required. Mutant cells were arrested in G1 at 25ºC by nitrogen starvation and released in rich medium at 37ºC, and survival was measured throughout the cell cycle by plating back at permissive temperature ( Figure 4A ). When fission yeast cells are arrested by nitrogen starvation, there is very little, if any, Rad21 within cells. Upon release into rich medium, Rad21 accumulates and cells proceed with S phase [9] .
A time course analysis of DNA content showed that ssl3-29 cells initiated and completed DNA replication with wild-type kinetics. Nonetheless, viability dropped with S phase entry ( Figure 4A ), indicating that loss of Ssl3 function becomes irreversible at that time. However, cell survival continued to decrease over time, suggesting that Ssl3 might also be required during G2. Alternatively, this further drop in viability might be due to the next round of S phase at 36ºC, since an increase in cell density is detectable at 6 hr. To clarify this point, ssl3-29 cells were allowed to replicate at permissive temperature and thereafter shifted to 37ºC ( Figure 4B ). Clearly, viability remained high throughout G2 and began to drop only around the time of cell doubling, presumably during the next round of DNA replication (cytokinesis and S phase are concomitant in fission yeast). From these data, we conclude that the loss of Ssl3 function induces a defect that becomes lethal during S phase. In contrast, Ssl3 appears dispensable during G2. These observations are very similar to those made by Furuya and colleagues with the mis4-242 mutant [5] . Even though Mis4 was required for cohesin binding to chromatin, viability remained high in G1, presumably because mis4-242 cells in the G1 phase can recover and load cohesin when back to the permissive temperature. In contrast, when cells enter S phase at the restrictive temperature, the loading defect induces an irreversible and lethal failure to establish cohesion.
The above data prompted us to ask whether Ssl3 was required for cohesin's association with chromosomes during G1. First, we analyzed the association of Rad21-HA with spread nuclei. Rad21 was found associated with chromosomes at 25ºC, though to a lower level than wild-type, but mostly disappeared at 37ºC in both cycling and G1-arrested mutant cells ( Figure 5A) . Next, the binding of Rad21-HA to chromosomes was examined by chromatin immunoprecipitation (ChIP) with anti-HA antibodies. A multiplex PCR assay was used to measure the enrichment of centromeres and two arm cohesion sites [9, 11] over fbp1, a locus devoid of cohesin [17] . Preliminary experiments indicated that the amount of cohesin bound to chromatin was low in the mutant at 25ºC but slightly increased at 20ºC. We therefore set the permissive temperature to 20ºC for all ChIP experiments. As previously described [9, 11, 12] , we found Rad21 associated with centromeres and to a lesser extent with arm cohesion sites in a population of cycling cells (w80% G2). Rad21 also occupied those sites in cells that progressed from G2 to late G1 at 37ºC (cycling cells versus G1 arrest, Figure 5C ). In a ssl3-29 background, however, Rad21 was barely detectable in G1-arrested cells. Another cohesin subunit, Psm3, behaved similarly (Figure 5D) . In sharp contrast, Rad21 persisted at centromeres when Ssl3 was inactivated in G2 ( Figure 5E ), in agreement with survival data showing that Ssl3 function is dispensable in G2. To make sure that the normalization method did not affect our measure of Rad21 binding to chromosomes, we repeated the ChIP experiments and determined the percentage of DNA that was immunoprecipitated (%IP) relative to the input. We carried out this analysis for Rad21 binding to centromeres in G1 and G2 and obtained essentially the same results ( Figure S1 ). Taken together, ChIP analyses show that Ssl3 is not required to maintain the association of Rad21 with chromatin in G2 but becomes essential for Rad21's binding to G1 chromosomes, consistent with the notion that Ssl3 is required for cohesin loading onto G1 chromatin.
It is worth mentioning that in wild-type cycling cells, Rad21 is already bound to chromatin in anaphase cells [9] . This peculiarity is presumably due to the fact that the G1 phase is cryptic in fission yeast cycling cells (G1 events like the binding of Mcm proteins to replication origins are initiated whereas cells are still displaying a midanaphase spindle [18] ). We propose that the process of cohesin loading occurs within this short time period and requires the function of Ssl3 and Mis4.
To summarize, Ssl3 and Mis4 are part of a same complex that is highly salt resistant and can be found associated with cohesin. Both Mis4 [5, 9] and Ssl3 (this study) are required in G1 for the association of cohesin with chromatin but dispensable in G2. Elevated dosage of Mis4 suppresses the thermosensitivity of the ssl3-29 allele, and Mis4 localization requires Ssl3. Thus, Ssl3 fulfils most criteria for being the fission yeast counterpart of Scc4. Indeed, there is a strong statistical evidence that Scc4 from S. cerevisiae and Ssl3 from S. pombe are members of a family of homologous proteins, which also includes other ascomycetes, metazoa (human, mouse, fish, fly, worm, etc.), and plants (rice, thale, cress) (A. Schleiffer, personal communication). The discovery of Scc4 homologs has the key implication that the mechanism of cohesin loading is likely universal among eukaryotes.
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or mutant strains were transformed with the replicative plasmid pUR19 carrying either the ssl3 or mis4 gene. Transformants were serially diluted to 1/6 and aliquots spotted on synthetic medium. The first drop contains w1000 cells. Plates were incubated 10 days at 25ºC, 7 days at 30ºC, and 6 days at 32ºC. The mutant hsk1-1312, defective for cohesion at centromeres [19] , was used as a control. (A) Spread nuclei were prepared from cycling cells expressing Rad21-GFP at 25ºC (cycling 25ºC), incubated 4 hr (one doubling) at 37ºC (cycling 37ºC), or arrested in late G1 at 37ºC by the cdc10-129 mutation (G1 arrest 37ºC). Rad21 was detected with anti-GFP antibodies and chromatin stained with DAPI. Scale bar equals 10 mm. (B) Diagram of the chromosomal sites examined by ChIP. On chromosome 1: within centromere 1 (cen1), the central domain (cnt1) is flanked by the heterochromatic repeats imr1 and otr1. The arm cohesion sites examined are located on the 3 0 side of lys1 (w10 kb from otr1) and within cosmid c56F8 (w3 Mb from cen1). The fbp1 locus is on chromosome 2. (C-E) Association of Rad21-HA and Psm3-GFP with chromatin determined by ChIP. T, total extract; IP, immunoprecipitated sample. A Multiplex PCR assay was used to determine the normalized enrichment (NE) of a cohesion site (upper band) over fbp1 (lower band) in the immunoprecipitates compared to total (see Supplemental Experimental Procedures). Indicated are the average and standard deviation obtained after at least two independent PCRs. Ssl3 is required for Rad21 (C) and Psm3 (D) association to chromatin in G1. Cells bearing the cdc10-129 mutation were cultured at 20ºC (cycling 20ºC) and shifted to 37ºC for 4 hr to accumulate in late G1 (G1 arrest 37ºC). (E) Ssl3 is not required for Rad21 binding to chromatin in G2. Cells bearing the thermosensitive cdc25-22 mutation were cultured at 20ºC (cycling 20ºC) and shifted to 37ºC for 4 hr to accumulate in G2 (G2 arrest 37ºC).
